Indoleamine 2, 3-dioxygenase (IDO) is a rate-limiting enzyme for the tryptophan catabolism. In human and murine cells, IDO inhibits antigen-specific T cell proliferation in vitro and suppresses T cell responses to fetal alloantigens during murine pregnancy. In mice, IDO expression is an inducible feature of specific subsets of dendritic cells (DCs), and is important for T cell regulatory properties. However, the effect of IDO and tryptophan deprivation on DC functions remains unknown. We report here that when tryptophan utilization was prevented by a pharmacological inhibitor of IDO, 1-methyl tryptophan (1MT), DC activation induced by pathogenic stimulus lipopolysaccharide (LPS) or inflammatory cytokine TNF-α was inhibited both phenotypically and functionally. Such an effect was less remarkable when DC was stimulated by a physiological stimulus, CD40 ligand. Tryptophan deprivation during DC activation also regulated the expression of CCR5 and CXCR4, as well as DC responsiveness to chemokines. These results suggest that tryptophan usage in the microenvironment is essential for DC maturation, and may also play a role in the regulation of DC migratory behaviors.
INTRODUCTION
Indoleamine 2,3-dioxygenase (IDO) is a rate-limiting enzyme that degrades the essential amino acid tryptophan into kynurenine [1] . It has also been postulated that the role of IDO is to inhibit the proliferation of eukaryotic intracellular pathogens [2, 3] or tumour cells [4] by depriving them of tryptophan. In these settings, the proposed role of IDO has been to eliminate the cell's own stores of tryptophan. Although poorly understood, there are also intriguing associations between altered tryptophan metabolism and immunological phenomena. For example, patients receiving 5-hydroxy-tryptophan for neurological disorders experienced an unexpected high frequency of a scleroma-like illness [5] . A relatively high proportion of individuals who ingested certain preparations of L-tryptophan developed a rare eosinophilia-myalgia syndrome [6, 7] . The significance of these associations is entirely speculative but tryptophan is the only amino acid whose metabolism has been linked with these immunological disorders.
In humans, IDO expression has been observed by immunohistochemistry in placenta, tumor-draining nodes and primary tumors [8, 9] . Both direct and indirect evidence indicate that IDO is widely expressed throughout the immune system, and more specifically, it is localized to a subset of cells with a macrophage or dendritic cell morphology [10, 11] . These IDO-expressing cells are found at several sites of immune tolerance or privilege, including thymus, mucosa of the gut, epididymis, placenta, and the anterior chamber of the eyes [10, [12] [13] [14] , and also has been shown to be expressed by human monocyte-derived macrophage [15] and dendritic cells (DCs) [16, 17] . In mice, IDO is important for maternal tolerance toward fetal alloantigens. Systemic administration of 1-methyl tryptophan (1MT), a pharmacological inhibitor of IDO, resulted in abortion of pregnant mice, demonstrating that IDO is a required component of the mechanisms by which the allogeneic fetus protects itself from rejection by the maternal immune system [18, 19] . IDO can also mediate suppression of T cell immunity to MHC-mismatched liver allografts [20] and the control of T cell responses in autoimmune disorders [21] . Moreover, expression of IDO by immunogenic mouse tumor cells prevents their rejection by preimmunized mice [8, 22] . Recent reports also suggest that IDO may also regulate the murine immunoregulatory CD8 dendritic cells [23] . These observations imply an essential role of IDO in regulating T cell-mediated immune responses, such as in the settings of transplantation and tumour tolerance [24] .
Dendritic cells (DCs) are potent T cell stimulators, and act as sentinels against invasion of pathogens [25] . DCs can regulate the generation of Th1 and Th2 T cell immunity [26] . DCs are also important for the induction of peripheral tolerance [27] . Both immature and mature DCs constitutively express IDO protein, which suppresses T cell proliferation both in vitro and in vivo [15, 17] . However, the functional activity of this enzyme may require additional signals. Recently it has been shown that ligation of the co-stimulatory molecules B7-1/B7-2 of DCs by human CD4 T cells modulates the IDO activity in DCs [28] , indicating that T cells may function as a physiologic regulator for the expression of IDO in DCs. Other experiments have also demonstrated that inhibition of IDO activity with 1MT could lead to enhanced T cell proliferation in DC-T co-culture in vitro (for review, see ref [24] ). Nevertheless, the effect of tryptophan deprivation on the modulation of DC function has not been determined. Our current study aimed to investigate the effect of tryptophan deprivation on the regulation of the phenotype, T cell stimulatory capacity, as well as chemotactic behaviour of DCs, which are essential for the induction of primary or T celldependent immunity.
MATERIALS AND METHODS

Cells and DC activation
Monocyte-derived cytokine-cultured dendritic cells were prepared as previously described [29] . Briefly, PBMCs were harvested from normal individuals and plated in 6-well plates for 2 h. The nonadherent cells were subsequently washed away, and the remaining adherent cells were cultured in RPMI medium supplemented with 10% fetal calf serum, as well as 50 ng/ml GM-CSF (Sandoz, Switzerland) and 50 ng/ml interleukin-4 (Peprotech, NJ, USA). RPMI also contained 50 µM L-tryptophan. Half of the culture medium was replaced with fresh RPMI with GM-CSF and IL-4 on day-2, -4 and/or -6 before cell harvest. Day-6 or -7 DCs were further purified by two rounds of immunomagnetic depletion (Dynabeads, Dynal, Oslo, Norway) using monoclonal antibodies against CD3, CD8, CD14, CD16, CD19, and CD56 (all from BD PharMingen, San Diego, CA, USA), which yielded over 97% of cells expressing high levels of HLA-DR (data not shown). CD40 ligand transfected cells (CD40L Tf) were a kind gift from Dr Yong-Jun LIU, DNAX, Palo Alto, USA. For DC activation, 1×10 5 purified DCs were exposed to 100 ng/ml LPS (Salmonella typhosa, Sigma, St Louis, USA) or 100 ng/ml TNF-α (Peprotech, NJ, USA) for 3 d, or co-cultured with CD40L Tf in 96 well plates at a ratio of 4 to 1 (DC vs CD40L transfectants) for 3 d. Before co-culture, the CD40L Tf were treated with 50 μg/ml of mitomycin C (Sigma, St Louis, MO, USA) for 30 min at 37°C, in order to prevent cellular proliferation. To study the effect of tryptophan deprivation, 2 mM 1-methyl tryptophan (1MT, from Sigma, St Louis, USA) was added at one day before exposure to activation signals, or added into the culture at the same time with the exposure.
Determination of intracellular expression of IDO
DCs that had been treated with various combination of 1MT with activation stimuli were first treated with 10% normal goat serum, and then permeabilized and fixed by CytoPerm/CytoFix (Pharmingen, BD, USA) as instructed by the manufacture. Cells were further stained with rabbit anti-IDO polyclonal antibody (Chemicon, CA, USA), followed by PE-conjugated goat anti-rabbit Ig, and then subjected to flow cytometry analysis (FACSCalibur instrument, Becton Dickinson, San Diego, CA, USA). Rabbit IgG was used as the corresponding isotype antibody control,
Phenotypic study of DCs
Phenotype of 1×10 5 purified DCs with or without treatment with 1MT was studied after activation with 100 ng/ml LPS (Salmonella typhosa, Sigma, St louis, USA), 100 ng/ml TNF-α (Peprotech, NJ, USA) or co-cultured with 2. 
T cell proliferative assay of DCs
Responding T cell populations were prepared from PBMCs and treated with sodium periodate (BDH Chem. Co Ltd., Poole, UK) by incubating the cells at a final concentration of 10 7 /ml with sodium periodate (0.25 mg/ml in PBS) for 25 min at 4°C. The cells were washed twice in complete media prior to use. Graded doses of irradiated (5000 rad 
Transwell chemotaxis assay
5-10×10
4 purified DCs were added to each transwell insert (Costar, Cambridge, MA, USA) containing 100 µl culture medium above a polycarbonate membrane with 5 µm pores. After 2 h incubation at 37 o C, the transwell inserts were lifted and the bases of the inserts were washed twice with 200 µl ordinary medium to dislodge the cells that had just migrated through the multi-porous polycarbonate membrane but have not dropped into the lower chamber. The cells in the lower chamber then were collected, transferred into 5 ml U-bottom clear tubes, and fixed with 5% formalin. The number of the migrated cells was determined by FACSCalibur instrument (Becton Dickinson, San Diego, CA, USA) as described [30] . Briefly, fluorescent beads (typically 50,000 beads) were added into the tubes as internal con-trol for cell counting. The acquisition of the cells was stopped after 5000 beads (10% of the total) were acquired. The relative cell number of DCs in each tube then could be obtained by gating the large, granular cell population in the forward and side scatter dot plot. Results are expressed as total number of the migrated cells per transwell.
Chemicals
The reference compounds, L-tryptophan and L-kynurenine, were purchased from Sigma (St. Lois, MO, USA). Acetic acid, sodium acetate, potassium phosphates trichloroacetic acid and citric acid were obtained from Merck (Darmstadt, Germany). All chemicals used were of analytical grade. HPLC grade acetonitrile was obtained from Merck (Darmstadt, Germany).
Sample Preparation
Milimolar stock solutions of tryptophan and kynurenine were prepared by dissolving in 10% acetonitrile in potassium phosphate buffer (0.05 M, pH 6.0) and stored at -80°C. These solutions were stable for at least six months. Working solutions of the external calibrator were prepared from freshly thawed stock solutions of tryptophan and kynurenine in various concentrations. 50 µl of tryptophan, 10 µl of kynurenine, and 940 µl of albumin stock solution (70 g/L in double-distilled water) were mixed together. Aliquots of 200 µl of calibrator preparation were then treated in the same way as the serum specimens.
Frozen medium specimens were thawed at room temperature. 200 µl of medium were diluted with 200 µl of potassium phosphate buffer (0.05 mM, pH 6.0). Protein was precipitated with 50 µl of trichloroacetic acid (2 M). The capped tubes with the precipitate were immediately vortex-mixed and centrifuged for 10 min at 1,3000 g at 4°C. Subsequently, 150 µl of the supernatants were transferred into microvials (Chromacol) and placed into the autosampling device.
Quantitative analysis of L-Trp and L-Kyn
Quantitative analysis of tryptophan and kynurenine in the culture medium was performed using an automated Agilent 1100 Series HPLC system with quaternary pump, micro vacuum degasser, standard autosampler with a 100 µl fixed sample loop, multiple wavelength (UV-Vis) detector and fluorescence detector. Tryptophan and its metabolites were separated with an analytical reversed phase C18 column (ZORBAX 300SB-C18, 250mm 4.6mm I.D.) with a reversed phase C18 guard cartridge. Aliquot (50 µl) of supernatant was injected into column using programmable autosampler. Separation was achieved at 25°C by isocratic elution at a flow rate of 0.7 ml/min. The mobile phase consisted of a 40 mM sodium acetate/citric acid buffer solution in 5% acetonitrile; the buffer solution was adjusted to pH 5. 0 with 5 M NaOH prior to the addition of acetonitrile. Kynurenine was measured by UV detector at 360 nm, while tryptophan was detected both by UV detector at 280 nm and fluorescence at an excitation wavelength of 286 nm and an emission wavelength of 366 nm. Both detectors were connected in series to allow simultaneous measurements. Acquisition and integration of the chromatographic data were performed using a ChemStation base software. The concentration was determined as the integrated peak area measurement against external standards. Each sample was measured in triplicate; the averaged tryptophan and kynurenine concentrations and standard deviations were determined for all samples and compared with the concentrations calculated from the standards. Linear regressions were determined for both analyses, revealing a slope of 0.997 for tryptophan and 0.998 for kynurenine. The linear regression coefficients (r 2 ) were > 0.998.
RESULTS
Treatment with 1MT reduced intracellular expression of IDO in DCs after activation with LPS and CD40 ligation, and to a lesser extent to TNF-α α α α α
To investigate the intracellular expression of IDO in DCs after tryptophan deprivation and cellular activation, DCs were treated with various stimuli for 3 d (group 1 cells), or pre-treated with 1MT one day before the 3 d stimulation (group 2 cells) or simultaneously with the exposure to stimuli (group 3 cells). Results revealed that immature DCs (iDC) constitutively expressed high levels of intracellular IDO (Fig. 1A, left) , which was not affected by treatment with 1MT (Fig. 1A, right) . Activation for 3 d with LPS, TNF-α or CD40 ligation up-regulated the expression of intracellular IDO in DCs prepared from in 3 of 5 donors (Fig. 1B , group 1 vs iDC in Fig. 1A ). In the other 2 donors, the expression levels were relatively unchanged (data not shown). However, addition of 1MT one day before (group 2) or simultaneously with the exposure to LPS and CD40 ligation (group 3) significantly down-regulated the intracellular IDO levels (Fig. 1B and C, group 2 or 3 vs group 1), and to a less extent, to TNF-α treatment.
Treatment with 1MT inhibits the up-regulation of surface expression of co-stimulatory molecules on DCs induced by LPS and TNF-α α α α α, and to a less extent, by CD40 ligation DCs exposed to LPS and TNF-α or co-cultured with CD40L Tf for 3 d significantly up-regulated the surface expression of CD80, CD86, HLA-DR, and the maturation marker CD83, and to a less extent, CD40 ( Fig. 2A, B and C, group 1 vs control). When DCs were treated with 1MT one day before exposure to LPS, the up-regulated expression of CD83, CD86, HLA-DR and CD80 was inhibited, at least in part, compared with cells treated with LPS alone (Fig. 2A, group 2 vs group 1) . When 1MT was added into the cell culture at the same time as exposure to LPS, LPSinduced up-regulation of these molecules could also be partially inhibited, except that for CD40 ( Fig. 2A, group 3 vs group 1). Similarly, treatment with 1MT also resulted in inhibition of TNF-α-induced up-regulation of CD83, CD86, HLA-DR and CD40 (Fig. 2B, group 2 vs group 1) . In the cells activated by CD40 ligation (Fig. 2C) , the expression of HLA-DR and CD83 was inhibited significantly by either prior or simultaneous treatment with 1MT (group 2 and 3 vs group 1, Fig. 2C ). The expression of CD80 and CD86 induced by CD40 ligation was less inhibited by 1MT. B vs A, left) . IDO expression was reduced significantly when cells were treated with 1MT on d6, followed by exposure to activation stimuli for 3 d (d 7-10; group 2 vs group 1). DCs treated simultaneously with 1MT and activation stimuli for 3 d (d 7-10) also had down-regulation of intracellular IDO (group 3 vs group 1), but to a less extant compared with group 2 cells. Data are representative of 3 experiments and are expressed as mean ± SD in (C). 1*: P < 0.05 compared with iDC; 2*: P < 0.05 compared with LPS treatment in group 1; 3*P < 0.05 compared with TNF-α treatment in group 1; **P < 0.005 compared with CD40L treatment in group 1. , or pre-treatment with 2 mM 1MT one day before or simultaneous at the addition of LPS (defined as group 2 and 3 as in Fig. 1) . CD83, CD86, HLA-DR and CD80 were significantly inhibited in group 2 and 3 compared with those in group 1. Down-regulation of CD40 expression by 1MT was less remarkable. (B) Phenotypic profile of DCs activated by 100 ng/ml TNF-α for 3 d without (group 1) or with treatment of 1-MT one day before or simultaneously (group 2 and 3 respectively) with the treatment with TNF-α. (C) Phenotypic profile of DCs activated by co-culture with CD40L Tf for 3 d without (group 1) or with treatment of 1-MT 1 day before or simultaneously (group 2 and 3 respectively) with co-culture of CD40L Tf.
Concentration of tryptophan was reduced while that of kyurenin was increased in culture supernatant of DCs after activation for 3 d in the presence of 1MT
In parallel to the experiments of Fig. 1 and 2 , concentrations of tryptophan and its metabolite kyurenin was measured in the supernatant of DC culture at different time points. As shown in Fig. 3A , after activation with LPS alone for 3 d, the tryptophan concentration was significantly reduced (Fig. 3A, group 1) . By contrast, prior or simultaneous treatment with 1MT from d 6-9 significantly increased the concentration of tryptophan in the culture supernatant (group 2 and 3 cells vs group 1 and no treatment, Fig. 3A) . Meanwhile, the concentration of kynurenin was reciprocally regulated, i.e., treatment with LPS alone increased the concentration of Kyn in the culture supernatant (group 1, Fig. 3A vs B) . When 1MT was added before or simultaneously with exposure to LPS, the concentration of Kyn was not increased, indicating that Try was not metabolized through IDO pathway in the presence of 1MT. Results with activation by TNF-α and CD40 ligation gave similar findings (data not shown).
Treatment with 1MT inhibited T cell stimulatory capacity of DCs matured by LPS and TNF-α α α α α, but not
CD40 ligation
In line with the phenotypic findings in Fig. 2 , prior or simultaneous treatment of DCs with 1MT upon exposure to LPS and TNF-α significantly reduced T cell proliferation in 5-d DC-T co-culture (group 2 and 3 vs group 1, Fig. 4A and B) , when compared with cells activated by 4 T cell stimulatory capacity of DCs was reduced by the addition of 1MT before (group 2) or simultaneously (group 3) with the exposure to LPS (A) and TNF-α (B), but was relatively unaffected by CD40 ligation (C). DCs activated by maturational stimuli alone (group 1) had a higher T cell stimulatory capacity, and addition of 1MT (group 2 and 3) significantly reduced the T cell proliferation in DC-T co-culture. Immature DCs cultured in ordinary medium was used as a negative control (labelled as "medium"). Data are expressed as mean ± SD from 4 experiments. . By contrast, the inhibition of T cell proliferative capacity was relatively unaffected by 1MT when DCs were activated by co-culture with CD40 ligand transfectants (Fig. 4C) .
Treatment with 1MT down-regulated the surface expression of CXCR4 but not CCR5 of immature DCs
As shown in Fig. 5A and 5B, iDCs constitutively expressed CCR5 and CXCR4. Tryptophan deprivation by treatment with 1MT for 3 d (from d 6-9 or d 7-10) did not significantly affect the expression levels of CCR5 (Fig.  5A, upper panels) . By contrast, CXCR4 was significantly reduced after exposure to 1MT for 3 d (Fig. 5B, upper  panels) . iDC activated by LPS, TNF-α, or CD40 ligation for 3 d significantly down-regulated the CCR5 expression (Fig. 5A, group 1 vs iDC) . Addition of 1MT, either prior to or simultaneous with activation by LPS, TNF-α or CD40 ligation, could not reverse the CCR5 expression (Fig. 5A , group 2 and 3 vs group 1). iDC treated with LPS or CD40 ligation also down-regulated the surface expression of CXCR4 (Fig. 5B, group 1 vs iDC) . However, treatment of iDC with TNF-α resulted in two alternative outcomes: in 3 of 6 donors, TNF-α treatment down-regulated CXCR4 expression (Fig. 5B, TNF-α(1) ), whereas in the other 3 donors, CXCR4 expression levels were up-regulated (Fig.  5B , TNF-α(1) vs TNF-α (2)). Nevertheless, the addition of 1MT consistently down-regulated the CXCR4 expression in all 6 donors after TNF-α activation (Fig. 5B , TNF (1) and TNF(2), group 2 and 3 vs group 1). It is also noted that in the 3 donors in which CXCR4 expression of DCs was up-regulated by TNF-α treatment, simultaneous treatment with 1MT in DC culture could at least in part reverse the CXCR4 surface levels (Fig. 5B , TNF-α(2), group 3).
DC chemotaxis in response to chemokines correlated with the expression of chemokine receptors after 1MT treatment
To investigate if DC responsiveness to chemokines was modulated by IDO, DC chemotaxis in response to various chemokines was studied in a transwell apparatus as described [30] . Results showed immature DCs migrated in response to CCR5 ligands RANTES, MIP-1α and MIP-β, as well as CXCR4 ligand SDF-1α. After activation with LPS, TNF-α and CD40 ligation, responsiveness to these chemokines was down-regulated (Fig. 6, group 1 vs medium, and SDF-1α (1)). Similar to the findings in CXCR4 expression, in 3 of 6 donors TNF-α actually increased the responsiveness to SDF-1α (Fig. 6 , SDF-1α (2), group 1 vs medium). Consistent with the findings in expression of CCR5 and CXCR4, treatment with 1MT, either prior to or simultaneous with exposure to activation stimuli, could not inhibit the down-regulation of the responsiveness to both CCR5 ligands and CXCR4 ligand. in A and B) . Exposure to LPS, TNF-α or CD40L transfectants, DCs significantly down-regulated the expression of CCR5 (group 1 vs iDC). Cells treated by 1MT before or simultaneously at the time of activation (group 2 and 3) also had a low expression of CCR5. Data are representative of 3 experiments. (B) Treatment with 1MT alone for 3 d down-regulated the CXCR4 expression (upper panels). Exposure to LPS, TNF-α and CD40L transfectants also resulted in down-regulation of CXCR4 (group 1 vs iDC), and addition of 1MT could not reverse this effect (group 2 and 3; n=3 for LPS and CD40 ligation; n=3/6 for TNF-α (TNF-α(1)). In 3/6 experiments, TNF-α treatment up-regulated CXCR4 and addition of 1MT prevented such an effect (TNF-α (2) vs TNF-α (1)). 
DISCUSSION
Our data demonstrated that immature monocyte-derived DCs expressed high levels of IDO, as determined by intracellular staining. Furthermore, tryptophan deprivation by inclusion of 1-MT into DC culture did not alter the levels of IDO expression (Fig. 1A) , suggesting that IDO expression is constitutively expressed in immature DCs and its levels were not affected by tryptophan deprivation. Furthermore, in selected donors DC activation by LPS, TNF-α or CD40 ligation actually up-regulated the intracellular IDO expression, although the percentage of IDOexpressing DCs before activation was already high (>80%, Fig. 1A) . In this regard, inconsistence was also observed by other groups that treatment of DCs with CD40 ligand or LPS did not consistently induce the expression of IDO mRNA [17] . However, in those selected donors in which IDO was up-regulated after activation, addition of 1MT prior to or simultaneously with exposure to activation stimuli could inhibit the up-regulated IDO expression, with a more remarkable effect upon stimulation by LPS and CD40 ligation (group 2 and 3 vs group 1, Fig. 1B and C) and a less inhibitory effect upon treatment with TNF-α. The reason for such a discrepance in DC preparations from different donors is unclear but it seems to suggest that there might be a negative feedback for the regulation of IDO expression in DCs after encountering various activation stimuli.
It was also demonstrated in our study that the up-regulated expression of co-stimulatory molecules such as CD86, CD80 and MHC class II after DC activation, as well as the DC maturation marker CD83, were also significantly inhibited when 1MT was added before or simultaneously with exposure to LPS (group 2 and 3 vs group 1, Fig. 2A) . Similarly, the up-regulated expression of CD83, CD86, and HLA-DR was also inhibited by 1MT when exposed to TNF-α, and the up-regulated expression of HLA-DR was also inhibited when stimulated with TNF-α and CD40 ligation (Fig. 2B and C) . The inhibition of CD40L-induced up-regulation of CD83, CD86, CD80 was, however, less remarkable in comparison to activation by LPS and TNF-α. Furthermore, activation with LPS indeed reduced the levels of tryptophan in the culture supernatant (Fig. 3A, group 1 vs control) , and prior or simultaneous addition of 1MT could inhibit the use of tryptophan, manifested as a higher concentration of tryptophan in the culture media on day 9 (Fig. 3A , group 2 and 3 vs group 1). By contrast, the levels of Kynurenin was reciprocally regulated (Fig. 3B) , indicating that tryptophan metabolism was indeed inhibited in the presence of IDO inhibitor in these experiments. Taken together, these results revealed that in the absence of tryptophan metabolism through kynurenin pathway, i.e., tryptophan deprivation, phenotypic maturation of DCs activated by these stimuli was partially inhibited, suggesting that DC activation was dependent on tryptophan utilization. It has been reported that IDO production by DCs resulted in the inhibition of T cell proliferation through the catabolism of tryptophan [17] , and that kynurenin pathway metabolites are also active in suppressing T cell proliferation, with apoptosis being the proposed mechanism [31] . However, no excessive apoptosis of DCs were observed in our study after DCs activation with different stimuli. Therefore, it is likely that while IDO-mediated suppression of T cell proliferation may result from tryptophan deprivation in the culture system and/or from the toxicity of the kynurenin pathway metabolites, 1MT-mediated inhibition of the phenotypic activation of DCs by various stimuli may simply reflect the absence of sufficient amount of tryptophan for DC activation.
To determine if the inhibition of the up-regulated phenotypic markers for DC activation correlates with the function, T cell proliferation assays were examined in coculture of T cells with DCs stimulated with maturation stimuli in the presence or absence of 1MT. Results showed that DCs activated by LPS, TNF-α and CD40 ligation exhibited a more potent T cells stimulatory capacity, compared with immature DCs (Fig. 4A , B and C, group 1 vs medium group). However, treatment with 1MT before or (1)). The addition of 1MT did not affect such an inhibition (group 2 and 3 vs group 1; n=3). Activation by LPS and CD40L Tf with or without pre-treatment with 1MT also gave similar findings (n=3, data not shown). In the other 3/6 experiments, DCs treated with TNF-α had up-regulated responsiveness to SDF-1α, which could be prevented by the addition of 1MT (group 2 and 3 vs group 1, SDF-1α (2)). simultaneously with the exposure to LPS and TNF-α significantly indeed reduced their T cell stimulatory capacity when compared with cells activated in the absence of 1MT ( Fig. 4A and B, group 2 and 3 vs group 1). These results are consistent with the phenotypic study in which the upregulated expression of certain important co-stimulatory molecules of activated DCs was also inhibited by 1MT ( Fig. 2A and B) . Interestingly, treatment of CD40L-activated DCs with 1MT before or simultaneous with the stimulation did not result in reduction of T cell stimulatory capacity (Fig. 4C, group 2 and 3 vs group 1) . This observation is consistent with the regulation of phenotypic markers where, except HLA-DR, expression of CD83, CD86 and CD40 of DCs induced by CD40 ligation was less inhibited by 1MT, compared with cells treated by LPS or TNF-α (Fig. 2C vs A and B) . These results suggest that DC activation by pathogenic stimuli or inflammatory cytokine (e.g., LPS from Gram(-) bacteria and TNF-α) may be more dependent on the tryptophan than by the physiological stimuli CD40 ligand (e.g., from activated CD4 T cells). It is therefore likely that tryptophan deprivation is more important for DC-mediated defense mechanisms against pathogens/inflammation, but to a lesser extent in a more physiological condition, e.g., when DCs migrate to lymph nodes and encounter activated CD4 T cells for the induction of T cell immunity. These findings seems to contradict previous observations that addition of 1MT in the DC-T co-culture in vitro enhanced T cell proliferation [3, 5] . The reason for this remains to be determined; however, it is likely that in previous reports, 1MT that had been directly added into the DC-T co-culture would also inhibit the IDO effect on both DCs and T cells, whereas in our system only DCs were treated with IDO inhibitor and the tryptophan utilization of T cells was not interfered. It has been noticed that low tryptophan concentrations are associated with inhibited proliferation of viruses [32] , protozoa parasites [2, 33] and other pathogens [34] in eukaryotic cells. Our findings may therefore suggest that tryptophan deprivation not only inhibits activities of pathogens but also reduces T cell stimulatory capacity of DCs after exposure to LPS or TNF-α that may be abundant in the site of infection or inflammation. These results may indicate that the intensity of DC-dependent antigen-specific immunity is tightly regulated by the local concentrations of tryptophan, i.e., T cell stimulatory capacity of DCs may be reduced when levels of antigens in the microenvironment are low, which may contribute to a delicate balance between the T cell immunity and the local antigenic concentrations. The capacity of DC to initiate immune responses is highly dependent on their specialized migratory and tissue homing properties. We have previously shown that immature DCs exhibit potent chemotaxis to the CC chemokines macrophage inflammatory protein (MIP)-1α, MIP-1β, RANTES, and a weak response to the CXC chemokine stromal cell-derived factor (SDF)-1α [30] . We have also shown that maturation of DCs from most donors induced by TNF-α reduced or abolished responsiveness to the former CC chemokines but enhanced responsiveness to SDF-1α in selected individuals (Fig. 6) . Furthermore, this phenomenon correlates with changes in chemokine receptor expression: CCR5 expression was reduced while CXCR4 expression was enhanced (Fig. 5B, group 1 of TNF-α(2) vs control). In this study, our data also demonstrated that treatment with 1MT either prior to or simultaneous with LPS activation or CD40 ligation could not reverse the down-regulated expression of CCR5 and CXCR4 ( Fig. 5A and B, group 2 and 3 vs group 1). In selected individuals (3 out of 6 donors), treatment with TNF-α induced up-regulation of the CXCR4 (TNF-α(2), Fig. 5B ), which was virtually completely prevented by treatment with 1MT one day prior to exposure to TNF-α, and partially but significantly when 1MT was added at the same time with TNF-α. Overall, the effect of 1MT was inhibitory on the expression of CCR5 and CXCR4 that are important co-receptors for HIV-1 infection (CCR5 for M-tropic HIV-1, and CXCR4 for T-tropic) of DCs [29] . Whether or not these findings may also contribute to the susceptibility of HIV infection of DCs remains to be investigated.
The functional study also confirmed that the alteration of the surface expression of chemokine receptors on DCs after 1MT treatment correlated with their migratory characteristics in response to chemokines. The reduction in the responsiveness to SDF-1α after 1MT treatment was also demonstrated in all donors, no matter these cells had an increased or reduced responsiveness to SDF-1α after activation by TNF-α (Fig. 6 , SDF-1α(1) and SDF-1α (2), group 1 vs iDC). These results indicate that tryptophan deprivation by 1MT also had a inhibitory effect in the expression of chemokine receptors and chemotactic responsiveness of DCs to chemokines, apart from the regulation for the expression of co-stimulatory molecules (Fig. 2 ) and the T cell stimulatory capacity (Fig. 4) .
In summary, our data suggest that while tryptophan deprivation in DC-T co-culture could enhance T cell proliferation, as demonstrated by addition of 1MT to inhibit IDO function [35] , the effect of tryptophan deprivation on DC per se in vitro was actually inhibitory during activation by either pathogenic stimuli (e.g., LPS or TNF-α) or physiological stumulus (e.g., CD40 ligation). We therefore conclude that DC activation and chemotaxis behavior is, at least in part, tryptophan-dependent, which may subsequently contribute to the initiation and regulation of DC-mediated T cell responses.
